Compelling epidemiological evidence shows a strong positive correlation of obesity with thyroid cancer. In vivo studies have provided molecular evidence that high-fat-diet-induced obesity promotes thyroid cancer progression by aberrantly activating leptin-JAK2-STAT3 signaling in a mouse model of thyroid cancer (Thrb PV/PV Pten +/− mice). The Thrb PV/PV Pten +/− mouse expresses a dominantly negative thyroid hormone receptor β (denoted as PV) and a deletion of one single allele of the Pten gene. The Thrb PV/PV Pten +/− mouse spontaneously develops follicular thyroid cancer, which allows its use as a preclinical mouse model to test potential therapeutics. We recently showed that inhibition of STAT3 activity by a specific inhibitor markedly delays thyroid cancer progression in high-fat-diet-induced obese Thrb PV/PV Pten +/− mice (HFD-Thrb PV/PV Pten +/− mice). Further, metformin, a widely used antidiabetic drug, blocks invasion and metastasis, but not thyroid tumor growth in HFD-Thrb PV/PV Pten +/− mice. To improve efficacy in reducing thyroid tumor growth, we treated HFD-Thrb PV/PV Pten +/− with JQ1, a potent inhibitor of the activity of bromodomain and extraterminal domain (BET) and with metformin. We found that the combined treatment synergistically suppressed thyroid tumor growth by attenuating STAT3 and ERK signaling, resulting in decreased anti-apoptotic key regulators such as Mcl-1, Bcl-2 and survivin and increased pro-apoptotic regulators such as Bim, BAD and cleave caspase 3. Furthermore, combined treatment of JQ1 and metformin reduced cMyc protein levels to suppress vascular invasion, anaplasia and lung metastasis. These findings indicate that combined treatment is more effective than metformin alone and suggest a novel treatment modality for obesity-activated thyroid cancer.
Introduction
Thyroid cancer is the most common endocrine malignancy. It consists of an array of different histologic and biologic types, but the most common are differentiated thyroid carcinomas (DTCs) . While the overall survival of patients with DTCs is generally better than many other cancers, recent studies have indicated an increasing incidence of DTCs worldwide in the past decades (Chen et al. 2009 , Pathak et al. 2013 . The increased incidence has been attributed to the widespread use of ultrasonography that has led to detection of micro-carcinomas (tumors with diameter less than 1 cm) (Thyroid Cancer Facts and Figures. National Cancer Institute Surveillance, Epidemiology, and End Results Program (2015) , available from: http://seer.cancer.gov/statfacts/html/thyro.html).
However, other studies have reported that the increased incidence is not limited solely to micro-carcinomas, tumors with other sizes are also increasing (Chen et al. 2009 , Blomberg et al. 2012 , Lim et al. 2017 . These observations raise the possibility that other risk factors could also contribute to the increased incidence of thyroid cancer.
One risk factor that has been supported by epidemiological studies is obesity. Extensive analyses reported a positive association of obesity with thyroid cancer (Renehan et al. 2008 , Kitahara et al. 2011 , Han et al. 2013 , Ma et al. 2015 , Kitahara et al. 2016 . Studies by Metaanalysis showed that the risk of thyroid cancer was 25% greater in overweight and 55% greater in obese individuals than their normal-weight peers (Schmid et al. 2015) . A large pooled analysis of 22 prospective studies showed that for each 5-unit increase in the BMI, young-adult BMI, adult BMI and waist circumference, were associated with 6, 13, 7 and 3% greater risk of thyroid cancer, respectively (Kitahara et al. 2016) . Studies have also suggested that overweight and obesity are significantly associated with more aggressive clinicopathological features in patients with thyroid cancer (Kim et al. 2013a , Choi et al. 2015 .
The compelling positive association of obesity with thyroid cancer has prompted the use of mouse models of thyroid cancer (Thrb PV/PV Pten +/− mice) (Guigon et al. 2009 ) to test the hypothesis that obesity could promote thyroid cancer progression. The Thrb PV/PV Pten +/− mouse expresses a potent dominantly negative thyroid hormone receptor β (TRβPV) and a deletion of one allele of the Pten gene (phosphatase and tensin homologue deleted from chromosome 10) (Guigon et al. 2009 ). Pten deficiency further exacerbates the overly activated PI3K/AKT signaling found in Thrb PV/PV mice (Guigon et al. 2009 ). The Pten haplodeficiency introduced into Thrb PV/PV mice (Furuya et al. 2006) results in the rapid development of aggressive cancer phenotype with decreased survival and increased distant metastasis, making it useful for preclinical studies (Guigon et al. 2009 (Guigon et al. , 2010 . Using Thrb PV/PV Pten +/− mice, Kim et al. found that diet-induced obesity increases tumor growth and promotes anaplastic transformation in thyroid cancer (Kim et al. 2013b) . Further molecular analyses indicated that the obesityactivated aggressive pathological progression is driven by activation of the leptin-JAK2-STAT3 signaling pathway (Kim et al. 2013b ). These findings led to studies targeting the STAT3 signaling to block the obesity-activated cancer progression. Remarkably, by using a STAT3 specific inhibitor, S3I-201, Park et al. found that the thyroid tumor growth was inhibited, survival was increased, and lung metastasis was blocked (Park et al. 2016b) .
These preclinical studies provided supporting evidence that Thrb PV/PV Pten +/− mice could be used to test other potential therapeutics to prevent obesity-activated thyroid cancer. Accordingly, we tested metformin (1,1-dimethylbiguanide hydrochloride) as a potential therapeutic (Park et al. 2016a) . Metformin is the most commonly prescribed antihyperglycemic drug for treatment of type II diabetes patients (Crandall et al. 2008 , Pierotti et al. 2013 . In addition to its use in patients with diabetes, metformin has been associated with decreased cancer incidence and mortality in mammary, lung, colon, endometrial and thyroid cancer (Anisimov et al. 2005 , Rotella et al. 2006 , Ben Sahra et al. 2010 , Cantrell et al. 2010 , Hosono et al. 2010 , Memmott et al. 2010 , KluboGwiezdzinska et al. 2012 . Using Thrb PV/PV Pten +/− mice, we found that metformin markedly delays thyroid cancer progression by blocking vascular invasion and anaplasia, via deactivation of STAT3-ERK-vimentin and fibronectinintegrin signaling pathways in HFD-Thrb PV/PV Pten +/− mice (Park et al. 2016a) . However, metformin has no apparent effect on thyroid tumor growth, suggesting that the tumor growth and invasion/metastasis of thyroid cancer could be regulated by different pathways. We therefore searched for another potential therapeutic that could suppress tumor growth and block metastasis when used in combined treatment with metformin.
We tested the efficacy of JQ1 in the combined treatment with metformin to assess the antitumor effects in HFD-Thrb PV/PV Pten +/− mice. JQ1 is an inhibitor of the activity of the bromodomain-containing protein 4 (BRD4), a member of the bromodomain and extraterminal domain (BET) family proteins (Filippakopoulos et al. 2012) . JQ1 competes with BRD4 for binding to acetyllysines on the chromatin to repress transcription of target genes (Filippakopoulos et al. 2010) . JQ1 has been reported to exhibit inhibitory effects on hematological malignant cancers, glioblastoma, lung and prostate cancers (Lockwood et al. 2012 , Shimamura et al. 2013 , Asangani et al. 2014 ). JQ1 has also been shown to suppress cell proliferation and tumor growth of both differentiated and undifferentiated thyroid cancer cell lines (Gao et al. 2016 , Mio et al. 2016 . Recently, we reported that JQ1 markedly decreased thyroid tumor growth and prolonged survival of a mouse model of anaplastic thyroid cancer (ATC, Thrb PV/PV Kras G12D mice). In Thrb PV/PV Kras G12D mice, JQ1 suppresses the cMyc transcription via interference with BRD4 functions to block cMyc tumor-promoting activity . Recent reports suggested that JQ1 shows synergistic anticancer effect in combination with other agents, such as HDAC inhibitors (Borbely et al. 2015) and rapamycin (Lee et al. 2015) . However, the antitumor effects of JQ1 combined with metformin are currently unknown.
The aim of the present study was to evaluate the antitumor effect of JQ1 in combined treatment with metformin on the obesity-activated thyroid cancer of HFD-Thrb PV/PV Pten +/− mice. We found that the combined treatment of JQ1 plus metformin synergistically decreased thyroid tumor growth, but treatment with a single agent did not. Furthermore, JQ1 together with metformin blocked occurrence of vascular invasion and anaplasia and decreased lung metastasis mediated by reducing the cMyc protein levels. These results suggest that metformin combined with JQ1 could be tested as an effective treatment modality for obesity-activated thyroid cancer.
Materials and methods

Mice and treatment with metformin and JQ1
Animal protocols for care and handling in the present study were approved by the National Cancer Institute Animal Care and Use Committee. Generation of Thrb PV/PV Pten +/− mice was described in previous studies (Guigon et al. 2009 , Kim et al. 2013b . The HFD (60% calories from fat) was purchased from Research Diets (New Brunswick, NJ). The mice were administered HFD diet from the age of 6 weeks until the age of 20 weeks (the end of study). JQ1 was dissolved in DMSO to make a 100 mg/mL stock and, before use, was diluted with 10% β-cyclodextrin (cat# H107, Sigma-Aldrich). JQ1 or vehicle was administrated by intraperitoneal injection 5 days in a week at a dose of 50 mg/kg/mouse from age 17 weeks until the end of study. Metformin (cat#M1566, Spectrum, Gardena, CA, USA) was diluted in drinking water (0.5 mg/mL) and the solution was changed weekly as described previously (Park et al. 2016a) . Metformin was administrated from the age of 6 weeks until the study ended at 20 weeks. The weight of the mice was measured weekly. The mice were killed at the end point or when they became moribund with rapid weight loss, hunched posture and labored breathing. After mice were killed, the thyroids and lungs were collected for weighing, histologic analysis and biochemical studies.
Western blot analysis
The Western blot analysis from thyroid tissues was carried as described previously (Park et al. 2016a) .
Thirty micrograms of protein sample was loaded and separated for Western blot analysis. Primary antibodies for p-STAT3 (1:500 dilution), total-STAT3 (1:1000 dilution), p-ERK (1:2000 dilution), total ERK (1:2000 dilution), vimentin (1:1000 dilution), E-cadherin (1:1000 dilution), Bim (1:1000 dilution), BAD (1:1000 dilution) and GAPDH (1:5000 dilution) were purchased from Cell Signaling Technology. Antibodies for Mcl-1 (1:500 dilution), Bcl-2 (1:2000 dilution), MMP9 (1:500 dilution), Fibronectin (1:500 dilution) and N-cadherin (1:500 dilution) were purchased from Santa Cruz Biotechnology. cMyc antibody (1:5000 dilution) was a gift from Dr Ira Pastan, NCI. Band intensities were quantified by using NIH IMAGE software (Image J 1.48v).
Histopathologic analysis
Thyroid gland and lung tissues were fixed in 10% neutralbuffered formalin (NBF, approximately 4% formaldehyde) (Sigma-Aldrich) and subsequently embedded in paraffin. Five micrometer thick sections were stained with hematoxylin and eosin (HistoServ, Germantown, MD, USA). For thyroids, morphologic evidence of hyperplasia, capsular invasion and vascular invasion was routinely examined in that single section.
Immunohistochemistry
Cleaved caspase 3 expression was evaluated by immunohistochemical staining of paraffin-embedded thyroid tumor sections. Primary antibody for the cleaved caspase 3 was purchased from R&D systems. Immunohistochemistry (IHC) was conducted similarly as described (Zhu et al. 2014) . A primary antibody (1:200 dilution) was incubated with tissue section overnight at 4°C. Peroxidase activity from the secondary antibody was developed with diaminobenzidine (DAB). And the sections were counterstained with hematoxylin. Relative positive cell ratio was quantified by using NIH IMAGE software.
Statistical analysis
All statistical analyses and the graphs were performed and generated using GraphPad Prism version 6.0 (GraphPad Software). P < 0.05 is considered statistically significant. The Kaplan-Meier method with log-rank test was used to compare survival in each treatment group. All data are expressed as mean ± s.e.m.
Results
Combined treatment of metformin and JQ1 increases survival rate and decreases thyroid tumor growth in HFD-Thrb PV/PV Pten +/− mice Previously, we reported that in HFD-Thrb PV/PV Pten +/− mice metformin decreases the occurrence of invasion and metastasis, but not thyroid tumor growth (Park et al. 2016a) . We therefore sought another potential therapeutic that could inhibit thyroid tumor growth. We chose JQ1, which was shown to suppress tumor growth effectively in ATC . We therefore evaluated the effect of treatment with metformin combined with JQ1 on the survival, body weight and thyroid weight of HFD-Thrb PV/PV Pten +/− mice. Figure 1A shows that the percent survival rates of single treatment, with either JQ1 (open squares; 67%) or metformin (closed circles; 64%), though trended to longer survival as compared with controls, but were not significantly different from that of the controls (open circles; 40%). However, the combined treatment increased the survival to 82% (closed squares). While % survival of mice treated with JQ1 or metformin only trended toward improved survival as compared with mice treated with vehicle, no statically significant differences were found. However, the difference in the survival between mice treated with combined agents or with vehicle was significant (P = 0.0472). These results indicate that combination treatment of metformin and JQ1 led to improved survival of HFD-Thrb PV/PV Pten +/− mice.
We next examined whether the body weight of HFD-Thrb PV/PV Pten +/− mice could be affected by metformin, JQ1 or the combined treatment. Figure 1B -a shows that the body weight of HFD-Thrb PV/PV Pten +/− mice was not significantly affected by either single treatment or the combined treatment. The tumor weight was not affected by single treatment with either metformin (237.3 ± 18.3 mg; n = 10, Fig. 1B -b, data cluster #2) or JQ1 (235.3 ± 15.35 mg, n = 11, data cluster #3) as compared with vehicle-treated HFD-Thrb PV/PV Pten +/− mice (259 ± 20.55 mg, n = 9, data cluster #1). However, combined treatment significantly lowered the tumor weight by ~33% (173.9 ± 19.66 mg, n = 9, data cluster #4). We further took into consideration the variability in the individual weight of mice. Using the thyroid tumor: body weight ratios, we found a similar reduction in thyroid tumor weight by combined treatment results (Fig. 1B-c , compare data cluster 4 vs 1). These results indicate that JQ1 in combination with metformin synergistically decreased thyroid tumor growth of obesity-activated thyroid cancer.
Inhibition of tumor growth by combined treatment of metformin plus JQ1 in HFD-Thrb PV/PV Pten +/− mice is mediated by suppressing STAT3 and ERK signaling pathways
We have previously shown that activation of leptin-JAK2-STAT3 signaling increases thyroid tumor growth in HFD-Thrb PV/PV Pten +/− mice (Kim et al. 2013b) . We therefore tested the hypothesis that the inhibition of tumor growth by the combined treatment of JQ1 plus metformin was via the attenuation of STAT3 signaling. Western blot analysis showed that the level of p-STAT3 (Y705) in the thyroid tumors of HFD-Thrb PV/PV Pten +/− mice was lowered by metformin treatment ( Fig (open square; n = 12) or combination treatment of metformin with JQ1 (closed square, n = 11). Mice were treated high-fat diet (HFD) and metformin (0.5 mg/kg/mouse) from the age of 6 weeks until the age of 20 weeks (the study's end). JQ1 (50 mg/kg/mouse) was administrated i.p. 5 times a week from age 17 weeks to the end of study (20 weeks) . Survival data are shown as a Kaplan-Meier plot and analyzed by log-rank test. The difference in survival was significant between mice between combined treatment and mice treated with vehicle (P = 0.0473), but was not significant between mice treated with vehicle and mice treated with metformin or JQ1. (B) Body weight (panel a) and thyroid weight (panel b) and ratios of thyroid weight to total body weight (panel c) were compared for the mice treated with vehicle, metformin only, JQ1 only and a combination of metformin with JQ1 (n = 9-11). Values are means ± s.e.m.
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Endocrine-Related Cancer lanes 4-6). The protein levels of p-STAT3 (Y705) protein levels were markedly decreased in tumors of HFD-Thrb PV/PV Pten +/− mice treated with JQ1 (panel a, lanes 7-9) or further with combined treatment (panel a, lanes 10-12). Quantitative analysis indicated that treatment of HFD-Thrb PV/PV Pten +/− mice with metformin or JQ1 decreased the ratios of p-STAT3 to total STAT3 by 36% and 52%, respectively ( Fig. 2A -II-a, bars 2 and 3, respectively). The combined treatment further decreased the ratios of p-STAT3 to total STAT3 by 61% ( Fig. 2A -II-a, compare bar 4 to bar 1). These data indicated that activity of STAT3 was synergistically suppressed by metformin and JQ1 combined treatment. 
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To further evaluate the functional consequences of attenuated STAT3 activity by single or combined treatment, we ascertained the expression of STAT3 downstream target genes critical for apoptosis at the protein levels. Mcl-1 (myeloid cell leukemia-1) and Bcl-2 (B-cell lymphoma 2), critical for cell survival (anti-apoptotic), are STAT3 downstream target genes (Alvarez et al. 2005 , Bhattacharya et al. 2005 . Western blot analysis showed that metformin treatment decreased Mcl-1 protein level ( Fig. 2A-I-c, lanes 4-6) 45% (Fig. 2A-II-b, bar 2) as compared with vehicle control ( Fig. 2A-I-c, lanes 1-3) . However, JQ1 or the combined treatment further lowered the Mcl-1 protein level ( Fig. 2A-I -c, lanes 7-9 and 10-12, respectively) to 71% and 76% ( Fig. 2A-II-b , bars 3 and 4, respectively). Similarly, metformin or JQ1 decreased Bcl-2 protein levels ( Fig. 2A-I-d , lanes 4-6 and 7-9, respectively) 45% and 47%, respectively ( Fig. 2A -II-c, bars 2 and 3) as compared with vehicle control ( Fig. 2A-I-d, lanes 1-3) . The combined treatment further lowered the Bcl-2 protein levels ( Fig. 2A-I-d , lanes 10-12) 68% ( Fig. 2A-II-c, bar 4) . Survivin, a member of the inhibitor of apoptosis family, is a protein that functions to inhibit caspase activation, thereby leading to negative regulation of apoptosis or programmed cell death. Disruption of the survivin induction pathways leads to an increase in apoptosis and to decrease tumor growth (Mita et al. 2008) . We found that metformin or JQ1 treatment decreased the survivin protein levels ( Fig. 2A-I -e, lanes 4-6 and 7-9, respectively) 39% and 48%, respectively ( Fig. 2A-II-d, bar 2) . The combined treatment further decreased survivin protein levels 72% ( Fig. 2A-I In addition to the STAT3 signaling, leptin could act to increase cancer cell proliferation via an extracellular signalregulated kinase (ERK) signaling pathway (Saxena et al. 2007) . We found relatively high protein levels of phosphorylated ERK (p-ERK) in the vehicle-treated mice (Fig. 2B-I-a, lanes 1-3) . The protein levels of p-ERK protein were decreased by metformin, JQ1 or combined treatment (Fig. 2B-I -a, lanes 4-6, 7-9, 10-12, respectively). The total ERK was not changed under any of the conditions (Fig. 2B-I-b) . Figure 2B -II-a shows that ratios of the p-ERK and total ERK were decreased 27, 39 and 69%, respectively, by metformin, JQ1 or the combined treatment, indicating the synergistic inhibition of p-ERK activity by combined treatment. Bcl-2-like protein 11, commonly called Bim acting to promote apoptosis (Gillings et al. 2009 ), was reported to be a downstream effector of ERK signaling (Takezawa et al. 2011) . Accordingly, we assessed Bim protein levels in mutant mice treated with metformin, JQ1 or the combined treatment. Figure 2B -I-c shows that metformin had no apparent effect on the Bim protein level (Fig. 2B-I-c, lanes 4-6 vs lanes 1-3) , while JQ1 and the combined treatment elevated Bim protein levels (lanes 7-9 and 10-12, respectively). The quantitative data showed that JQ1 or combined treatment increased 1.3-and 1.8-fold of Bim protein levels, respectively (Fig. 2B-II-b) . We further analyzed the effects of three different treatments on another pro-apoptotic regulator BAD, which is also a downstream effector of ERK signaling (Lu & Xu 2006) . We found that metformin, JQ1 or the combined treatment elevated the BAD proteins levels ( Fig. 2B-I-d ) by 1.8-fold, 2.1-fold and 2.7-fold, respectively ( Fig. 2B-II-c) . The suppression of anti-apoptotic regulators (see Fig. 2A ) and the increased pro-apoptotic activators (see Fig. 2B ) prompted us to assess the cleaved caspase 3 activity by examining the protein levels in the tumor cells using immunohistochemical analysis. As shown in Fig. 2C , increased cleaved caspase 3 protein abundance was apparent in panels f and h. Quantitative analysis shows 3.3-fold and 7.7-fold increased cleaved caspase 3 protein levels were found for tumor cells from HFD-Thrb PV/PV Pten +/− mice treated with JQ1 or metformin and JQ1, respectively (bars 3 and 4, Fig. 2C-II, respectively) . While cleaved caspase 3 protein abundance trended slightly higher in tumor cells from mice treated with metformin. The increases were not significantly different from the vehicle control (compare bar 2 to bar 1, Fig. 2C-II) . Taken together, these results indicated that JQ1 and the combined treatment suppressed the STAT3 and ERK signaling pathway to synergistically promote apoptosis of thyroid tumor cells in HFD-Thrb PV/PV Pten +/− mice.
Combined treatment of JQ1 plus metformin suppresses development of thyroid anaplastic foci and metastasis in HFD-Thrb PV/PV Pten +/− mice
To assess the effect of single or combined treatment on thyroid cancer progression, we analyzed histopathological features of thyroid tumors of HFD-Thrb PV/PV Pten +/− mice with four different treatments. As shown in Fig. 3A-I a, all mice exhibited hyperplasia that was not affected by any treatment. However, while all vehicle-treated mice developed capsular invasion (100%) (Fig. 3A-I-b) , treatment with metformin alone and JQ1 alone led to a reduction in the frequency of occurrence by 38 and 75%, respectively. Remarkably, capsular invasion was not detected in HFD-Thrb PV/PV Pten +/− mice with the combined treatment at the same age (Fig. 3A-I-b, bar 4) . The occurrence of vascular invasion was decreased further to 37% in the metformin-treated group (Fig. 3A-I-c, bar 2), and was blocked in the JQ1-treated and combined treatment groups (Fig. 3A-I-c, bars 3 and 4) . Moreover, no occurrence of anaplasia was detected in either the JQ1-treated or the combined treatment group (Fig. 3A-I-d,  bars 3 and 4) . Figure 3A -II shows the representative pathological features in the tumors of HFD-Thrb PV/PV Pten +/− mice with four different treatments. The vehicle-treated tumors (controls) consistently showed capsular invasion in all samples (Fig. 3A-II-a, indicated by arrows) , vascular invasion in the majority (Fig. 3A- II-e) and anaplasia in approximately by 50% (Fig. 3A-II-i ; also Fig. 3A-I-d , bar 1). Treatment with metformin alone showed reduction in these features (Fig. 3A-II-b and -f), but no significant difference in the frequency of anaplasia (Fig. 3A-II-j) . JQ1 treatment alone had a more profound effect, with substantial reduction in detection of capsular invasion (Fig. 3A-II-c) and essentially no detectable vascular invasion or anaplasia (Fig. 3A-II-g and -k) . The combined treatment of metformin and JQ1 showed essentially no capsular (Fig. 3A-II-d ) or vascular invasion (Fig. 3A-II-h ) and no anaplastic features (Fig. 3A -II-l) (please see also Fig. 3A -I-d, *in bar 4 indicates no anaplasia was detected).
We further assessed the effect of single or combined treatment on the occurrence of lung metastasis. While our sample number (n = 9-11) was not sufficiently large to meaningfully analyze the data statistically, Fig. 3B shows the trend in the occurrence of lung metastasis. About 33% of vehicle-treated HFD-Thrb PV/PV Pten +/− mice developed lung metastasis (Fig. 3B, bar 1) . No effect of metformin on the occurrence of lung metastasis on HFD-Thrb PV/PV Pten +/− mice was detected (Fig. 3B, bar 2) . However, JQ1 treatment trended to show a ~18% reduction in the occurrence of lung metastasis (Fig. 3B, bar 3) as compared with that of vehicle-treated mutant mice. Combined treatment trended a decrease in the frequency of occurrence of lung metastasis (~40%, Fig. 3B, bar 4) . Taken together, these data suggested that combined treatment of JQ1 and metformin was most effective in the inhibition of thyroid cancer progression.
To understand how the combined treatment inhibited anaplastic progression of thyroid tumors of HFD-Thrb PV/PV Pten +/− mice, we evaluated key regulators of epithelial-mesenchymal transition (EMT). EMT is a process by which epithelial cells lose their cell polarity and cellcell adhesion and gain migratory and invasion properties to become mesenchymal-type cells. Accordingly, we analyzed how the key regulators of EMT were affected by the single or double treatment. We evaluated cMyc first because it is aberrantly highly expressed in human ATC cells and ATC in a mouse model (Zhu et al. 2014) . cMyc is known to induce EMT in cancer cells (Cowling & Cole 2007 , Cho et al. 2010 , Yin et al. 2017 . Western blot analysis showed that cMyc was highly expressed in the thyroid tumors of vehicletreated HFD-Thrb PV/PV Pten +/− mice (Fig. 4A-a, lanes 1-3) . Metformin decreased cMyc protein levels in the tumors of HFD-Thrb PV/PV Pten +/− mice (Fig. 4A-a, lanes 4-6 vs  1-3) . JQ1 or the combined treatment further lowered the cMyc protein levels in the thyroid tumors (Fig. 4A-a , lanes 7-9 and 10-12, respectively). Quantitative analysis of the band intensities shows that cMyc protein levels were decreased 55, 68 and 78% by metformin, JQ1 and the combined treatment, respectively. We next examined the effectors of EMT affected by the single or double treatment of HFD-Thrb PV/PV Pten +/− mice. Matrix metalloproteinase 9 (MMP9) is one of the most important members of the MMPs, known to degrade the extracellular matrix and basement membrane to increase migration, invasion, metastasis and angiogenesis in cancers (Dragutinovic et al. 2009 ). MMP9 is directly regulated by STAT3 signaling (Kamran et al. 2013) . We found that MMP9 was decreased by metformin treatment (Fig. 4A-b,  lanes 4-6 vs lanes 1-3) . Remarkably, JQ1 treatment or combined treatment nearly totally inhibited the expression of MMP9 protein levels (Fig. 4A-b , lanes 7-9 and 10-12, respectively; see also the quantitative data in Fig. 4B-b, bars 3 and 4) .
We next evaluated whether the regulation of vimentin and N-cadherin was responsive to single or combination treatment. Vimentin is a main component of the intermediate filament family (Satelli & Li 2011) . N-cadherin is a member of the cadherin family that is mainly located in neural tissue and striated muscle (Pyo et al. 2007 ). These major cytoskeletal components are highly expressed in mesenchymal cells. As shown in Fig. 4A , expression of vimentin (panel c) and N-cadherin (panel d) was decreased by metformin (lanes 4-6), JQ1 (lanes 7-9) or combination treatment (lanes 10-12) as compared with vehicle treatment (lanes 1-3) . Quantitative data showed that vimentin was decreased 31, 72 and 93%, by metformin, JQ1 and the combined treatment, respectively (Fig. 4B, panel c) . N-cadherin was decreased 64% by metformin and 83-87% by JQ1 and the combined treatment (Fig. 4B, panel d) . We further examined the expression of fibronectin. Fibronectin is a high-molecularweight protein of the extracellular matrix that binds to membrane-spanning receptor proteins (Pankov & Yamada 2002) . As shown in Fig. 4A , expression of fibronectin (panel e) was clearly decreased by metformin (lanes 4-6), JQ1 (lanes 7-9) and combination treatment (lanes 10-12) as compared with vehicle treatment (lanes 1-3; also see quantitative data shown in panel e, Fig. 4B ). The effects of metformin, JQ1 and the combined treatment on the E-cadherin were also evaluated. E-cadherin is a tumor suppressor gene, critical for the formation and maintenance of adherent junctions in areas of epithelial cell-cell contact. Loss of E-cadherin-mediated adhesion characterizes the transition from benign lesions to invasive, metastatic cancer (Onder et al. 2008 , Canel et al. 2013 , Kim et al. 2016 . As shown in Fig. 4A (panel g ), while some increases of E-cadherin levels were detected in tumors from mice treated with metformin (lanes 4-6; see also Fig. 4B-f,  bar2 ), JQ1 (lanes 7-9; Fig. 4B-f, bar3) , a more pronounced increase of E-cadherin protein levels was found by the combined treatment (lanes 10-12; Fig. 4B-f, bar 4) . Taken together, the elevated E-cadherin and suppressed MMP9, vimentin, N-cadherin and fibronectin proteins indicated the combined treatment of metformin with JQ1 was most effective to inhibit EMT to suppress thyroid cancer progression of HFD-Thrb PV/PV Pten +/− mice (see also Fig. 5 ).
Discussion
While the impact of obesity on cardiovascular disease, diabetes and stroke is well documented and extensively studied, the effects of obesity on cancer have just begun to be unraveled. The positive association of obesity with thyroid cancer demonstrated by the epidemiological studies has promoted studies aimed at acquiring molecular evidence to demonstrate a direct cause-effect relationship. Indeed, using preclinical mouse models of thyroid cancer, we uncovered that high-fat-diet-induced obesity elevates serum leptin levels to propel JAK2-STAT3 signaling to potentiate thyroid carcinogenesis (Kim et al. 2013b) . That STAT3 was a potential molecular target for obesity-activated thyroid cancer was validated by the findings that a STAT3 specific inhibitor markedly inhibits thyroid tumor growth, prolongs survival, reduces invasion and blocks lung metastasis of HFD-Thrb PV/PV Pten +/− mice (Park et al. 2016b) . Intriguingly, metformin treatment attenuates signaling pathways, thus leading to the suppression of invasion and metastasis, but does not affect tumor growth (Park et al. 2016a ). and survivin), resulting in increased cleaved caspase 3 activity. Combined treatment of JQ1 and metformin also act to suppress invasion and metastasis by decreasing EMT key regulators (cMyc, MMP9, fibronectin, vimentin, and increasing E-cadherin protein levels. By acting on these two pathways, JQ1 and metformin together suppress obesityactivated thyroid cancer progression. The extent in the thickness of the lines in the inhibition of pSTAT3 and p-ERK signaling schematically represents the degree of suppression.
To be able to arrest tumor growth concurrently with blocking invasion and metastasis, we chose JQ1 to combine with metformin for treatment. We found that metformin, a widely used antidiabetic drug, when used together with JQ1, was a more effective treatment, not only to inhibit tumor growth, but also to suppress invasion and metastasis of obesity-activated thyroid carcinogenesis. The present study has identified a novel combined treatment modality that could possibly be used to treat thyroid cancer potentiated by obesity. Toward this end, it would be of importance to point out while the combined treatment of JQ1 and metformin was most effective in the suppression of tumor cell invasion, as shown by the concerted changes of cMyc, MMP9 and EMT regulators (see Fig. 5 ). However, the extent of the suppression of tumor cell invasion potential was not linearly correlated with decreases in the prevalence of lung metastasis.
This observation is consistent with Stephen Paget's original 'seed and soil' hypothesis, which still holds true today (Paget 1989 ). The hypothesis is that tumor metastasis is the product of favorable interactions between metastatic tumor cells (the 'seed') and their organ microenvironment (the 'soil'). The present studies showed that while combined treatment virtually totally blocked capsular and vascular invasion (see Fig. 3A -c and d) of primary tumor cells, the occurrence of lung metastasis was only partially reduced (~40%, see Fig. 3B ). These findings suggested that the therapeutic intervention would be more effective in aiming to make the lung microenvironment less favorable for the metastatic thyroid tumor cells to lodge and to proliferate. For future studies, the HFD-Thrb PV/PV Pten +/− mouse could be used a model for elucidating cellular regulators that facilitate the interaction of metastatic tumor cells with the lung microenvironment, thereby identifying potential targets for prevention and better treatment of metastatic thyroid cancer associated with obesity.
The rationale behind our choosing JQ1 to combine with metformin as a treatment was based on findings that JQ1 suppresses thyroid tumor growth in a mouse model of anaplastic thyroid cancer (ATC) (Thrb PV/PV Kras G12D ). In that ATC mouse model, the molecular pathways by which JQ1 inhibits tumor growth in Thrb PV/PV Kras G12D mice are mainly via suppression of cMyc expression and its downstream cell cycle regulators, but JQ1 has no effects on the apoptosis pathways . In the Thrb PV/PV Kras G12D mice, the antitumor effects of JQ1 single agent or combined with metformin was mainly via the cMyc-mediated alterations in the expression of apoptotic key regulators to enhance tumor cell apoptosis, but JQ1 has no major effect on the cell cycle regulators (data not shown). In these two thyroid cancer mouse models, both of the mutant mice express the oncogenic TRβPV, but the second mutations differ. In Thrb PV/PV Pten +/− mice, the haplodeficiency of the Pten gene aggressively drives the PI3K-AKT signaling, whereas in Thrb PV/PV Kras G12D mice, the KrasG12D mutation propels the downstream MEK signaling. JQ1 is known to preferentially regulate the transcription program of cMyc through super-enhancer on the chromatin (Loven et al. 2013) . However, the present findings from HFD-Thrb PV/PV Pten +/− mice and previous studies from Thrb PV/PV Kras G12D mice clearly show distinct molecular pathways downstream of cMyc. Therefore, the antitumor effects of JQ1 would depend on the cellular context due to the type of mutations in a particular cancer. At present, it is unknown how cMyc differentially cross-talks with PTEN-PI3K-AKT signaling (as in Thrb PV/PV Pten +/− mice, a model of follicular thyroid cancer) or with MEK signaling (as in Thrb PV/PV Kras G12D mice, a model of ATC) to inhibit thyroid tumor growth in these different mouse models of thyroid cancer. Future studies to identify the cross-talk partners in the network with cMyc would help understanding of how JQ1 could collaborate with other therapeutics in suppressing thyroid tumor growth. To this end, the cell-based approach with the choice of appropriate cancer cell lines would be useful both to dissect how network partners interact at the cellular level and to elucidate the molecular mechanisms underlying the outcome of the cross-talks.
The Thrb PV/PV Pten +/− mouse represents a unique mouse model of follicular thyroid cancer in that a mutation of thyroid hormone receptor β (TRβPV) activates PI3K activity via direct protein-protein interaction with PI3K-regulatory subunit p85 to markedly increase PI3K kinase activity (Furuya et al. 2006) . Together with a deletion of one allele of the Pten gene, PI3K activity is further activated via the loss of the negative regulation of PI3K activity by PTEN (Guigon et al. 2009 ). The functional consequences of over-activation of PI3K-AKT in the Thrb PV/PV Pten +/− mouse are relevant in human thyroid cancer. Studies have reported that genetic alterations in the PI3K-AKT pathway play a critical role in thyroid tumorigenesis and progression , Xing 2010 . Furthermore, association of PTEN methylation with the activating genetic alterations in the PI3K-AKT pathway has been found in human thyroid tumors (Hou et al. 2008) . The activation of PI3K-AKT signaling mediated by the TRβPV mutation accompanied by the deletion of one allele of the Pten gene in Thrb PV/PV Pten +/− mouse is phenotypically reminiscent of the silencing of PTEN associated with activating PI3K-AKT pathway reported by Hou et al. in human thyroid cancer. In both cases, the negatively regulating activity of PI3K-AKT signaling by PTEN is lost leading to further overactivation of the PI3K-AKT pathway. Thus, while homozygous mutations of the thyroid hormone receptor β are yet to be identified in thyroid cancer patients, the functional consequences of the TRβPV mutation in the overactivation of PI3K-AKT pathways demonstrated in Thrb PV/PV Pten +/− mouse is useful as a model to dissect the altered signaling pathways and serve as a model for testing potential molecular targets.
Several recent meta-analyses have shown that the use of metformin in diabetic patients is associated with a lower risk for cancer (Decensi et al. 2010 , Noto et al. 2012 . In particular, metformin has been shown to decrease thyroid cancer risks (Tseng 2014) . Further, metformin treatment is associated with a higher remission rate in diabetic patients with thyroid cancer (KluboGwiezdzinska et al. 2013) . These findings are consistent with the present results from our mouse models of thyroid cancer, suggesting that metformin could be a potential therapeutic for obesity-activated thyroid cancer.
Recent studies have indicated that combined treatment is more beneficial than a single agent in the treatment of thyroid cancer (Iyer et al. 2018 , Subbiah et al. 2018 . For example, although effective treatment of ATC is very limited, 16 patients with BRAFV600E-mutated ATC have shown robust clinical response when treated with dabrafenib (a BRAF inhibitor) and trametinib (a MEK inhibitor) (Subbiah et al. 2018) . In line with these clinical findings, the present study showed that metformin in combination with JQ1 is more effective than metformin alone. Recently, several second-generation JQ1 analogs (BET inhibitors) are being tested in clinical trials for use in treating solid tumors, such as NUT midline carcinoma, lung cancer, colorectal cancer, neuroblastoma, triple-negative breast cancer, castration-resistant prostate cancer and hepatocellular carcinoma and melanoma (https://clinicaltrials.gov/ct2/show/ NCT01587703; https://clinicaltrials.gov/ct2/show/ NCT02369029). Metformin is effective, safe and affordable and could be easily available to combine with other therapeutics to treat obesity-activated thyroid cancer. The present preclinical findings provide a basis for future clinical trials for obesity-activated thyroid cancer in which metformin treatment is combined with second-generation JQ1 analogs. Further studies are warranted to explore other therapeutics as a combined treatment with metformin for obesity-activated thyroid cancer. Our mouse models of thyroid cancer could be used for such preclinical testing of other therapeutics.
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